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onotropic GABA A receptors mediate two major types of signaling referred to as phasic and tonic inhibition (1) (2) (3) (4) . Phasic inhibition mediates the classical, synaptic forms of interactions between a presynaptic GABAergic interneuron and postsynaptic target cells. Phasic GABAergic signals are typically generated rapidly (often with submillisecond rise times) within synapses, whereas low-affinity GABA A receptors are activated in a transient manner by GABA (5) . In contrast, tonic inhibition is a less temporally and spatially precise form of GABAergic inhibition, generated by GABA activating high-affinity, nondesensitizing, mostly extrasynaptic GABA A receptors (2, 6, 7) . Despite its less temporally and spatially focused nature, tonic inhibition is increasingly being recognized to serve critically important, diverse functions in neuronal circuits (8, 9) .
Interestingly, a third form of postsynaptic GABA A receptormediated inhibitory response that displays characteristics intermediate between phasic and tonic inhibition (10-13) may also exist. These events have been named GABA A,slow inhibitory postsynaptic currents (IPSCs). In contrast to the more classical, phasic GABA A,fast IPSCs, GABA A,slow IPSCs have almost an order of magnitude slower rise-and decay kinetics (10) , are highly sensitive to blockade of GABA uptake (12, 14) and are modulated differently by benzodiazepine agonists (13) . Although previous studies indicated that GABA A,slow inputs may be localized on the dendrites of CA1 pyramidal cells, it appears that dendritic filtering alone may not fully explain the slow kinetics (10) (11) (12) . Moreover, it was suggested that transmitter spillover may contribute to the GABA A,slow IPSCs in contrast to the classical GABA A,fast IPSCs that are thought to be largely limited to the activation of synaptic receptors (5, 10, 14) .
Because GABA A,slow IPSCs have been recorded only as spontaneous and extracellular stimulation-evoked events, the cellular sources and the underlying mechanisms of GABA A,slow have not been identified. In a previous study (15) , we focused on the ability of neurogliaform cells (NGFCs) to evoke metabotropic, and thus slow, GABA B receptor-mediated postsynaptic responses. During these experiments, we serendipitously noticed that the rising phase of the GABA A component of the compound (GABA A and GABA B ) IPSCs generated by NGFCs appeared to be remarkably prolonged. Could there be a connection between the NGFC-IPSC A s and the GABA A,slow events? Building on these clues, in this study, we tested the specific hypothesis that the NGFC-evoked unitary GABA A receptor mediated responses (NGFC-IPSC A ) share the key properties of the GABA A,slow events previously described based on analysis of spontaneous and electrical stimulation-elicited IPSCs. We used paired recordings of identified neocortical interneurons and pyramidal cells to probe the mechanisms of NGFC-IPSC A s, and compared their properties with the fast spiking basket cell (FSBC)-evoked unitary GABA A IPSCs (FSBC-IPSC A ) that are thought to represent GABA A,fast events (5, 12, 14) . Our results demonstrate that NGFCs are the sources of GABA A,slow IPSCs in the neocortex and that these extraordinarily prolonged neocortical ionotropic GABA A responses are generated by a GABA transient with highly unusual characteristics.
Results
NGFCs Generate Slow GABAA Postsynaptic Responses. All data in this article were obtained by using paired whole-cell patch-clamp recordings from presynaptic NGFCs or FSBCs [supporting information (SI) Fig. 7 ; Fig. 1C ] and layer 2/3 postsynaptic pyramidal cells (PCs) (held at Ϫ75 mV) in the presence of NMDA, AMPA/kainate and GABA B receptor blockers (except when noted otherwise). The NGFC-IPSC A s showed dramatically slower rise and decay kinetics compared with the rapid responses elicited by the FSBCs (Fig. 1 A-D Single action potential-evoked NGFC-IPSC A s displayed a significantly smaller trial-to-trial variance in their peak amplitude compared with FSBC responses (coefficient of variation (CV): NGFCs: 15.6 Ϯ 1.3%; FSBCs: 32.4 Ϯ 2.7%), suggesting the possible involvement of more release sites (failure rates: NGFCs: 0%; FSBCs: 3.6 Ϯ 1.3%). Furthermore, the connection probability was higher for NGFC-PC pairs recorded within Ϸ100 m, compared with FSBC-PC pairs (NGFC-PC pairs: 97.3%, 179 of 184; FSBC-PC pairs: 82.7%, 81 of 98). Finally, the synaptic delay of the NGFC-IPSC A s (1.36 Ϯ 0.11 ms) was also significantly longer compared with FSBC-IPSC A s (0.5 Ϯ 0.05 ms), but there was no difference in the CV of the onset delays (NGFCs: 16.2 Ϯ 2.6%; FSBCs: 14.9 Ϯ 2.1%).
Multiquantal, Asynchronous Release Cannot Explain the Slow Kinetics
of the NGFC-Evoked IPSCAs. What is the mechanism of the slow kinetics of the NGFC-IPSC A ? Although NGFCs innervate dendritic compartments of their postsynaptic targets (15, 16) , dendritic filtering alone could not explain the extraordinarily slow rise-and decay kinetics of the NGFC-evoked events (SI Methods 1 and SI Figs. 8 and 9 ). An alternative explanation for the slow kinetics may be related to the apparently higher number of release sites generating the NGFC-IPSC A . It is possible that many asynchronous, fast quantal events underlie (17) the slow NGFC-IPSC A even after single spikes. To test this possibility, we compared the NGFC-IPSC A s under conditions of low and high release probabilities, by repeatedly alternating between artificial cerebrospinal fluids (ACSFs) with either low (0.15 mM) or high (3 mM) Ca 2ϩ concentrations (Fig. 2) . As expected, the amplitude of the NGFC-IPSC A s varied, by over an order of magnitude, as a function of the Ca 2ϩ concentration in the ACSF. However, the extracellular Ca 2ϩ concentration-induced large changes in event size had no discernible effect on the rise and decay kinetics of the NGFC-IPSC A s (n ϭ 4, Fig. 2 ), and the smallest events had a similarly slow rise and decay kinetics as the largest events. Therefore, the slow GABA A responses evoked by the NGFCs could not be primarily due to asynchronous release of presynaptic vesicles. These data also suggest that, although NGFC-IPSC A s likely involve many release sites (see above), activation of a presumed single release site (as represented by the smallest discernable IPSC A in Fig. 2 ) generates responses that are similarly slow as the responses generated by multiple release sites.
Modulation of GABA Responses Evoked by NGFCs by GABA Uptake. It has been shown that hippocampal evoked GABA A,fast and GABA A,slow IPSCs displayed differential sensitivity to inhibition of GABA uptake (12) . We tested whether a similar difference in the NGFC-and FSBC-IPSC A s exists concerning modulation by NO711 (a specific blocker of GABA Transporter 1, GAT1; Fig.  3A ). The decay of FSBC-IPSC A s was not changed by 20 M NO711 (14) , whereas the NGFC-IPSC A became markedly pro- longed ( D ; NGFC, pre-NO711: 36.6 Ϯ 4.7 ms; NO711: 105.6 Ϯ 13.9 ms; n ϭ 4; FSBC pre-NO711: 6.9 Ϯ 1.1 ms; NO711: 7.7 Ϯ 1 ms, n ϭ 4; the rise time of the responses did not change significantly: NGFC; before-NO711: 4.9 Ϯ 1.3 ms; NO711: 4.2 Ϯ 0.9 ms; FSBC; pre-NO711: 0.7 Ϯ 0.08 ms; NO711: 0.72 Ϯ 0.15 ms). Thus, these data were in good agreement with the previous observations concerning the differential NO711-sensitivity of spontaneous GABA A,slow and GABA A,fast events, supporting our hypothesis that GABA A,slow events were NGFC-IPSC A s.
To better understand the NO711-sensitivity of the NGFCevoked postsynaptic responses, we determined whether NO711 also enhances the GABA B IPSCs evoked by single NGFC spikes (15) . Because postsynaptic GABA B receptors are located extrasynaptically (18) (19) (20) , activation of these receptors by NGFCs suggested GABA spillover after single action potentials (15) . The GABA B responses (recorded in the presence of 10 M bicuculline without GABA B antagonist; for pipette solution, see Materials and Methods) evoked by single action potentials in NGFCs were strongly enhanced by NO711 ( Fig. 3B ; charge transfer pre-NO711: 1549 Ϯ 519 pA⅐ms; NO711: 4459 Ϯ 1089 pA⅐ms), indicating that GABA uptake markedly modulated both the GABA A and GABA B responses elicited by NGFCs.
Minor Role for High-Affinity GABAA Receptors in Determining the Slow
Kinetics of the NGFC-IPSCAs. The above data suggested that there was spillover of GABA from the synaptic cleft to the peri-and/or extrasynaptic space after single action potentials in NGFCs. However, it was not clear as to what extent this spillover contributed to the slow kinetics of the GABA A responses evoked by NGFCs. Therefore, in the next series of experiments, we assessed the activation of high-affinity, extrasynaptic GABA A receptors by NGFCs.
The ␦-subunit is thought to be localized exclusively extrasynaptically (21, 22) , and it is expressed by upper layer neocortical PCs (23) . The ␦ subunit-specific positive modulator steroid, THDOC (50 nM) (7) slightly, but significantly, increased the D of NGFC-IPSC A s (Fig. 3C , pre-THDOC: 38.1 Ϯ 2.6 ms; THDOC: 41.2 Ϯ 2.4 ms; n ϭ 11), without altering the amplitude (pre-THDOC: 60.6 Ϯ 7.7 pA; THDOC: 60.8 Ϯ 7.5 pA). The small effect of THDOC indicated that the slow kinetics of the NGFC-IPSC A s did not originate as a result of high-affinity, ␦-subunit-containing GABA A receptor activation (also note that, because of the small magnitude of the THDOC effect, the latter conclusion holds even if 50 nM THDOC partially acted on ␥-subunit-containing receptors as well). As expected, FSBC-IPSC A s were not affected by 50 nM THDOC ( D : pre-THDOC: 7.3 Ϯ 0.8 ms; THDOC: 7.5 Ϯ 1 ms; n ϭ 5; amplitude: pre-THDOC: 49.8 Ϯ 16.9 pA; THDOC: 50.6 Ϯ 18.1 pA).
Even when GABA spillover was enhanced by application of NO711 (14) , the effect of THDOC on the decay of the NGFC-IPSC A s was still relatively small, albeit larger than without NO711 ( Fig. 3C ; D : pre-THDOC: 110.1 Ϯ 15.2 ms; THDOC: 128.7 Ϯ 17.8 ms; n ϭ 4; no change in amplitude: pre-THDOC: 84.1 Ϯ 22.2 pA; THDOC: 86.5 Ϯ 23.3 pA). THDOC significantly increased the holding current in the postsynaptic PCs (by 14 Ϯ 6.9 pA), and this effect was more prominent in the presence of NO711 (69.6 Ϯ 29 pA).
␣5 subunits also form receptors with high affinity for GABA (8, 24) , and they have been found both in the synaptic and extrasynaptic membranes of cortical cells (25) . Therefore, we tested whether ␣5 subunit-containing receptors play a major role in shaping the uniquely slow kinetics of the NGFC-IPSC A s. The ␣5 subunit-specific inverse agonist, L-655,708 (26) (10 M) did not change the IPSC A decay (pre-L-655,708: 31.5 Ϯ 3.9 ms; L-655,708: 31.9 Ϯ 2.3 ms), but it had a moderate, although significant effect on the amplitude of NGFC-IPSC A s (amplitude; pre-L-655,708: 127.4 Ϯ 39.7 pA; L-655,708: 107.8 Ϯ 34.1 pA; n ϭ 4; data not shown).
Taken together, these results showed that high-affinity GABA A receptors were not the major determinants of the slow kinetics of the GABA A responses evoked by NGFCs.
Low GABA Concentration at Postsynaptic GABAA Receptors After GABA Release from NGFCs. The GABA-transient is likely to be a major factor in determining the properties of GABA responses (27) . To compare the transmitter concentration at the postsynaptic receptors in NGFC and FSBC synapses, we measured the effect of a low-affinity, competitive GABA A receptor antagonist, TPMPA, on the IPSC A s generated by these two interneuron subtypes (28) (29) (30) . The effect of TPMPA (200 M) was significantly larger (with both t tests and the nonparametric MannWhitney test) on the amplitude of NGFC-IPSC A s (Fig. 4 A-C Furthermore, NGFC-IPSC A s had a significantly faster decay in presence of TPMPA (34.9 Ϯ 3.1 ms) than before TPMPA was applied (41 Ϯ 3.1 ms; effect: Ϫ15.4 Ϯ 3.5%) (Fig. 4 A and D) . The TPMPA-effect on the NGFC-IPSC A decay persisted when TPMPA was applied in the presence of NO711 (pre-TPMPA: 131.6 Ϯ 11.6 ms; TPMPA: 108.6 Ϯ 7.5 ms; effect: Ϫ15.7 Ϯ 5%). In contrast, the kinetics of FSBC-IPSC A s were not changed (pre-TPMPA: 8.55 Ϯ 0.87 ms; TPMPA: 8.79 Ϯ 0.79 ms). The sensitivity of the decay phase of the NGFC-IPSC A to the low-affinity competitive antagonist is consistent with the presence of spillover (14) .
Low-Affinity GABAA Receptors Underlying the NGFC-and FSBC-IPSCAs.
Next, we used positive GABA A receptor modulators with subunit specificity to study the contribution of the low-affinity GABA A receptors to the generation of the NGFC-IPSC A s. Zolpidem, like other benzodiazepines, increases the affinity of the receptors to GABA and increase the open probability of GABA A channels when GABA is present (31, 32) . It preferentially acts on GABA A receptors containing the ␣1 subunit and, to a lesser extent, on receptors with ␣2/␣3 subunits (33, 34) . The most dramatic effect of zolpidem (0.5 M) was that it increased the amplitude of NGFC-IPSC A s ( Fig. 5 ; prezolpidem: 43.4 Ϯ 6.7 pA; zolpidem: 82 Ϯ 14 pA; n ϭ 7), whereas it did not significantly change the amplitude of FSBC-IPSC A s (prezolpidem: 78.5 Ϯ 25.6ms; zolpidem: 81.6 Ϯ 24.9 pA; n ϭ 5). As expected, zolpidem robustly prolonged the decay of the FSBC-IPSC A s ( Fig. 5 ; prezolpidem: 6.1 Ϯ 0.6 ms; zolpidem: 10.7 Ϯ 2.1 ms), whereas it did not prolong the decay of the NGFC-IPSC A s (prezolpidem: 37.6 Ϯ 2.1 ms; zolpidem: 33.0 Ϯ 2 ms; note that the latter change represented a small (12.1 Ϯ 1.9%), but significant acceleration of the NGFC-IPSC A decay by zolpidem).
Next, we used Cl218,872, which displays a greater selectivity for GABA A receptors containing the ␣1 subunit than zolpidem (33) . In agreement with the reported higher affinity of Cl218,872 to ␣1␤x␥2 receptors, in control experiments, we verified that the axo-axonic cell-evoked IPSC A s, which are known to be mediated through ␣2 subunit-containing receptors (35), were not affected by Cl218,872 (n ϭ 2, data not shown). Cl218,872 (1 M) had potent enhancing effects on the amplitude of NGFC-IPSC A s ( Fig. 5B ; pre-Cl218,872: 95.8 Ϯ 18.8 pA; Cl218,872: 134.6 Ϯ 30.9 pA; n ϭ 6), without altering the FSBC-IPSC A amplitude (preCl218,872: 113 Ϯ 66.7 pA; Cl218,872: 112.9 Ϯ 62.7 pA; n ϭ 5). Like zolpidem, Cl218,872 significantly increased the decay of the FSBC-IPSC A s (pre-Cl218,872: 6.1 Ϯ 1.5 ms; Cl218,872: 8 Ϯ 2.4 ms), and it did not prolong NGFC-IPSC A s (pre-Cl218,872: 38.5 Ϯ 1.6 ms; Cl218,872: 35.3 Ϯ 0.7 ms; note that there was actually a slight (7.7 Ϯ 4.1%), but nonsignificant, acceleration of the decay). Cl218,872 also acted similarly to zolpidem on the overall charge transfers.
Next, we tested the effects of loreclezole, a positive modulator of ␤2-or ␤3-containing GABA A receptors (33) . Similar to zolpidem and Cl218,872, loreclezole (30 M) enhanced the amplitude of the NGFC-IPSC A s ( As a positive control, we showed that zolpidem was able to increase the amplitude of FSBC-IPSC A s at room temperature (31) (SI Methods 2 and SI Fig. 10 ). We also determined that differential zolpidem effects on NGFC-and FSBC-IPSC A s were not due to a presynaptic action leading to a potentiation of GABA release from NGFCs (SI Methods 3 and SI Fig. 11 ). In addition, experiments with presynaptically applied bafilomycin revealed that low vesicular GABA concentration is unlikely to underlie the slow kinetics of the NGFC-IPSC A (SI Methods 4 and SI Fig. 12 ; note that we directly verified that bafilomycin did, in fact, decrease the synaptic GABA concentration at FSBC synapses, because TPMPA had a significantly larger effect in the presence of bafilomycin).
Taken together, these data suggested that ␣1, ␤2/3, and ␥2 subunit-containing low-affinity GABA A receptors were the most likely to play a dominant role in mediating the responses evoked by both NGFCs and FSBCs. Because ␣1␤2/3␥2 receptors are the major synaptic GABA A receptors in the neocortex (33, 34) , these data were in agreement with our results indicating that high-affinity GABA A receptors had only a minor contribution to the generation of NGFC-derived GABA A responses. The amplitude-enhancing effect of benzodiazepines is usually interpreted to indicate lack of saturation of the receptors (31), and it is thus consistent with the TPMPA-results described above, indicating lower concentration of GABA at the postsynaptic receptors after GABA release from NGFCs.
Slowing Diffusion Affects NGFC-IPSCAs but Not FSBC-IPSCAs. To further study the mechanism of the slow NGFC-IPSC A -s, we slowed GABA diffusion by adding 1.25 mM (5% wt/vol) of the inert macromolecule dextran (MW: 40,000 g) to the extracellular medium (27, 29, 36) (predextran: 5.2 Ϯ 0.1 ms; dextran: 5.3 Ϯ 0.1 ms). The dextraninduced enhancement of amplitude and acceleration of decay of the NGFC-IPSC A s are consistent with an increased intracleft GABA concentration and decreased activation of extrasynaptic receptors resulting from less GABA escaping from the synapse into the extrasynaptic space in the presence of slowed diffusion.
Discussion
Cellular Origin of GABAA,slow Events. Specialized classes of cortical GABA cells exert complex effects on PC activity, including regulation of excitatory postsynaptic potential integration, modulation of dendritic plasticity, and synchronization of neuronal ensembles. A critically important factor in the GABAergic regulation of principal cell function is the time course of inhibitory inputs. The present results revealed striking similarities between previously described spontaneous and evoked GABA A,slow events (10-13, 37) and NGFC-IPSC A s, including (i) extraordinarily slow rise and decay kinetics; (ii) charge transfer that is considerably larger than in FSBC-IPSCs; (iii) special sensitivity to GAT1 blockade; and (iv) enhancement of amplitudes by bath-applied benzodiazepines (13) . Based on these similarities, we conclude that GABA A,slow IPSCs originate from NGFCs.
GABA Spillover at NGFC Synapses. The presence of spillover at NGFC synapses was suggested by several lines of evidence. First, uniquely among all known GABAergic interneurons, single presynaptic action potentials of NGFCs can activate postsynaptic GABA B receptors (15) , which are localized extrasynaptically (18) (19) (20) 38) . Second, as shown in our experiments, transport blockade dramatically increased the activation of GABA B receptors. Third, THDOC had a significant effect on the decay of NGFC-IPSC A s even without GAT1 blockade. Because the THDOC-sensitive, high-affinity, ␦-subunit-containing GABA A receptors are peri-and extrasynaptically localized (7, 21, 22) , the THDOC-induced prolongation of the IPSC decay was consistent with the presence of spillover. Fourth, the THDOC-effect on the NGFC-IPSC A decay was increased by NO711. Fifth, NGFC-IPSC A decays were accelerated by TPMPA even in the absence of NO711 (14, 39, 40) . Sixth, the decay of NGFC-IPSC A s became faster when diffusion was limited by dextran (27, 29, 36) , which was also consistent with spillover. It is interesting to note that, because of the presence of spillover, NGFCs may contribute to the regulation of the ambient level of GABA (41) (42) (43) .
Nature of the Transmitter Transient at NGFC Synapses. Although the data suggested GABA spillover at NGFC synapses, spillover alone could not have explained the extreme slowness of the NGFC-IPSC A s. First, THDOC prolonged the NGFC-IPSC A decay to only a small extent. Second, even after transporter blockade, the contribution of the high-affinity GABA A receptors to the overall NGFC-IPSC A was minor. In contrast, a major factor underlying the unique properties of the NGFC-IPSC A s appeared to be the nature of the GABA transient. A key observation in this regard was that the low-affinity, competitive GABA A receptor antagonist TPMPA had a significantly larger inhibitory effect on the peak amplitude of the NGFC-IPSC A s than on the FSBC-IPSC A s. These data indicated that the peak transmitter concentration in the vicinity of the postsynaptic receptors during GABA transients after single action potentials in NGFCs was smaller than after GABA release from FSBCs. However, the amplitude of the NGFC-IPSC A s was dramatically increased under conditions of slowed diffusion, an effect that could be explained by the entrapment of GABA within the synaptic cleft by the dextran (note that dextran did not affect the FSBC-IPSC A s, indicating that the macromolecule stayed primarily in the extrasynaptic space and did not enter the synaptic cleft to slow down diffusion). Our experiments demonstrated that GAT1 was important in setting the lower peak GABA concentration during the NGFC-evoked GABA transients, because TPMPA had a significantly smaller effect on the NGFC-IPSC A amplitude when GABA uptake was inhibited. The nature of the GABA transient at NGFC synapses could be probed by using benzodiazepines, because previous studies suggested that benzodiazepines such as zolpidem enhance IPSC amplitudes under conditions of submaximal saturation of GABA A receptors and/or asynchronous receptor activation (31, 32) . Our results revealed that, at physiological temperature, zolpidem enhanced the amplitude of the NGFC-IPSC A s but prolonged the decay of the FSBC-IPSC A s. Furthermore, two other drugs with distinct subunit preference had similar effects on the NGFC-IPSC A amplitudes. The amplitude-enhancing effect of the various positive GABA A receptor modulators is consistent with a slowly rising GABA transient with low peak GABA concentration at NGFC synapses.
Although nonsaturating GABA puffs have been shown to slow current kinetics (31, 44) , low peak GABA concentration alone did not appear to be sufficient to explain the slow kinetics, because lowering of the GABA concentration at FSBC synapses did not result in NGFC-IPSC A -like slow kinetics (SI Methods 4 and SI Fig. 12) . A potentially significant factor in generating the slow responses may be related to the structural features of NGFC synapses. Indeed, these synapses are small (in terms of the junctional area) relative to other synapses (15, 16, 38) , and it is interesting that many of our observations could be explained if the small NGFC synapses contained a larger cleft distance between the pre-to postsynaptic synapse membranes. The larger cleft distance would be expected to result in a slower rising transient with a lower peak GABA concentration at the postsynaptic membranes, because GABA would be diluted in the larger cleft space. Furthermore, the small junctional area and the large cleft distance would facilitate spillover, because GABA could preferentially escape to the extrasynaptic space from the more open edges surrounding the shorter but wider cleft. Because in vitro biocytin-filled materials are not appropriate for the precise measurement of the cleft size (see SI Fig. 8 ), carefully designed quantitative electron microscopic studies will need to be carried out to determine the microstructure of NGFC synapses. Additional factors, such as the potentially prolonged nature of the GABA transient, perhaps related to special kinetic properties of the synaptic release machinery in NGFC terminals, may also play a role in contributing to the slowness of the NGFC-IPSC A s.
The present results demonstrate that a single action potential in the presynaptic NGFCs is able to evoke slow IPSC A s. The latter point is important, because it is known that repetitive stimulation can prolong the decay of unitary IPSC A s (14) . Although NGFC-IPSC A s seem to involve a relatively large number of release sites, activation of many release sites is not necessary for generating the characteristically slow kinetics. Furthermore, the compact and dense axonal cloud enables NGFCs to be connected to virtually every neighboring pyramidal and GABAergic cell (15, 38, (45) (46) (47) . NGFCs receive extensive local and ascending excitatory drive (38, 46, 48) , and they can detect the activity of other types of interneurons through a nonspecific gap junctional network (38, 46, 47) . Therefore, NGFCs may monitor the activity of a large set of neurons in cortical networks and provide powerful inhibition to a spatially restricted group of neurons through prolonged GABA A and GABA B receptor-mediated events.
Materials and Methods
All protocols were approved by the Institutional Animal Care and Use Committee of the University of California.
Electrophysiology. Slices (320 m) were prepared from 20-to 26-day-old Wistar rats in ice-cold artificial cerebrospinal fluid (85 mM NaCl, 75 mM sucrose, 2.5 mM KCl, 25 mM glucose, 1.25 mM NaH 2 PO 4 , 4 mM MgCl 2 , 0.5 mM CaCl 2 , and 24 mM NaHCO 3 ). Before the recording session, the slices were kept at room temperature. Slices were visualized by using an upright microscope (Eclipse FN-1; Nikon, East Rutherford, NJ) with infrared differential interference contrast optics. Presynaptic interneurons in the somatosensory cortex were recorded in current clamp mode [intracellular solution: 126 mM potassium gluconate, 4 mM KCl, 10 mM Hepes, 4 mM ATP-Mg, 0.3 mM GTP-Na, 10 mM phosphocreatine, and 8 mM biocytin (pH 7.2), 270-290 mOsm] and held at Ϫ60mV. Short (2.5-ms) current injections were delivered to evoke single action potentials. The postsynaptic cells were layer 2/3 PCs, held at Ϫ75 mV by using MultiClamp 700B amplifier (Molecular Devices, Union City, CA). Postsynaptic intracellular solution was typically composed of 40 mM CsCl, 90 mM potassium gluconate, 1.8 mM NaCl, 1.7 mM MgCl 2 , 3.5 mM KCl, 0.05 mM EGTA, 10 mM Hepes, 2 mM Mg-ATP, 0.4 mM Na 2 -GTP, and 10 mM phosphocreatine (pH 7.2); 270-290 mOsm; for GABA B responses, the intracellular solution was 110 mM potassium gluconate, 1.8 mM NaCl, 1.7 mM MgCl 2 , 23.5 mM KCl, 0.05 mM EGTA, 10 mM Hepes, 2 mM Mg-ATP, 0.4 mM Na 2 -GTP, and 10 mM phosphocreatine. As described before, the transmission from NGFCs is highly sensitive to the firing of presynaptic cells (15) . Therefore, to avoid accidental overexcitation of presynaptic cells during patch formation, we used an extracellular solution with low Ca 2ϩ (0.15 mM) to establish whole-cell recordings. Once stable recordings were obtained from the interneuron and the PC, the low-Ca 2ϩ extracellular solution was changed to normal perfusate, revealing the presence or absence of synaptic connections between the two neurons. Unless mentioned otherwise, normal recording solution was composed of 126 mM NaCl, 2.5 mM KCl, 26 mM NaHCO 3 , 2 mM CaCl 2 , 2 mM MgCl 2 , 1.25 mM NaH 2 PO 4 , 10 mM glucose, 0.02 mM d-AP-5, 0.005 mM NBQX, and 0.00025 mM CGP55845. All electrophysiological recordings were made at 36°C. Presynaptic interneurons were identified based on their firing properties and axonal morphologies (SI Fig. 7 and Fig. 1C ) (15, 45) . Series resistances were continuously monitored, and the recordings were discarded if the series resistance changed Ϯ30% or reached 20 M⍀. The decay of IPSCs was fitted with two exponentials. Drugs were dissolved and stored according to the manufacturer's instructions and were bath-applied. Values are shown as mean and SEM. Paired or independent t test (twotailed) were used for statistical analysis (P Ͻ 0.05) (in addition, as indicated, the nonparametric Mann-Whitney test was also used in certain cases). Traces in figures usually show the average of all experiments for any given treatment.
Anatomy. Slices were transferred into a fixative solution containing 4% paraformaldehyde and 0.2% picric acid in 0.1 M phosphate buffer after the recording for 2-4 days, then resectioned at 100 m. ABC reaction (Vectastain ABC Kit; Vector Laboratories, Burlingame, CA) was done overnight, and then slices were reacted with DAB (Vector Laboratories) for 15 min. Sections were mounted on glass slides, dehydrated with a five-step ethanol series, and mounted with DPX mounting media (EMS, Fort Washington, PA).
